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Interaction between the Origin Recognition
Complex and the Replication Licensing System
in Xenopus
Alison Rowles,* James P. J. Chong,* of the ORC genes has provided evidence that ORC plays
an essential role in DNA replication. Yeast strains withLamorna Brown,† Mike Howell,* Gerard I. Evan,†
temperature-sensitive mutations in the ORC2 and ORC5and J. Julian Blow*
genes are unable to maintain ARS–containing plasmids*Imperial Cancer Research Fund
and display defects in DNA replication at the restrictiveClare Hall Laboratories
temperature (Bell et al., 1993; Foss et al., 1993; MicklemSouth Mimms, Herts EN6 3LD
et al., 1993; Loo et al., 1995). Importantly, two-dimen-United Kingdom
sional gel analysis demonstrates reduced levels of initia-† Imperial Cancer Research Fund
tion at ARS elements in cells carrying defective ORC2Lincoln’s Inn Fields
and ORC5 (Fox et al., 1995; Liang et al., 1995). ORC hasLondon WC2A 3PX
also been shown to bind ARS elements present in theUnited Kingdom
yeast silent mating–type loci, and several ORC muta-
tions lead to defective transcriptional silencing (Foss et
al., 1993; Micklem et al., 1993; Fox et al., 1995; Loo etSummary
al., 1995).
ORC genes have now been identified in a range of
The origin recognition complex (ORC) binds to ori-
eukaryotes. These include homologs of ORC1 in hu-
gins of replication in budding yeast. We have cloned mans, Schizosaccharomyces pombe, and Kluyvero-
a Xenopus homolog of the largest ORC polypeptide myces lactis (Gavin et al., 1995; Muzi-Falconi and Kelly,
(XORC1). Immunodepletion of XOrc1 from Xenopus 1995), homologs of ORC2 in Arabidopsis thaliana,
egg extracts blocks the initiation of DNA replication. Caenorhabditis elegans, Drosophila melanogaster, hu-
We have purified Xenopus ORC, consisting ofa protein mans, mice, S. pombe, and Xenopus laevis (Gavin et
complex similar to yeast ORC. In Xenopus egg ex- al., 1995; Gossen et al., 1995; Takahara et al., 1996;
tracts, ORC associates with chromatin throughout G1 Leatherwood et al., 1996; Carpenter et al., 1996), and a
and S phases. RLF-M, a component of the replication homolog of ORC5 in D. melanogaster (Gossen et al.,
licensing system, also associates with chromatin early 1995). A multiprotein complex containing DmOrc2 and
in the cell cycle but dissociates during S phase. We DmOrc5 has also been identified in Drosophila embryo
show that the assembly of RLF-M onto chromatin is nuclear extracts, which consists of six polypeptides with
dependent on the presence of chromatin-bound ORC, molecular masses similar to those of the yeast ORC
leading to sequential assembly of initiation proteins subunits (Gossen et al., 1995).
onto replication origins during the cell cycle. Analysis of ORC function can be performed in cell-
free extracts of Xenopus eggs that support complete
chromosomal DNA replication in vitro. DNA added toIntroduction
this system is assembled into functional nuclei and then
undergoes a single complete round of semiconservativeDuring S phase of the eukaryotic cell cycle, the entire
replication (Blow and Laskey, 1986). Rereplication doesgenome is replicated exactly once. The initiation of rep-
not occur unless the extract is allowed to progress intolication forks occurs at multiple origins scattered
mitosis or unless the nuclear envelope is transientlythroughout the genome and is tightly controlled so that
permeabilized (Blow and Laskey, 1988). The initiation oforigins fire no more than once during each S phase.
DNA replication requires the sequential action of twoChromosome replication has been intensively studied
distinct signals (reviewed by Chong et al., 1996). The firstin the yeast Saccharomyces cerevisiae. Autonomously
signal, replication licensing factor (RLF), stably binds orreplicating sequences (ARSs) support the extrachromo-
“licenses” replication origins by putting them into an
somal replication of episomes by acting as origins of
initiation-competent state (Blow and Laskey, 1988;
replication. Many, but not all, ARSs also act as replica-
Chong et al., 1995; Madine et al., 1995a; Kubota et al.,
tion origins in their normal locations in S. cerevisiae 1995); the second signal, S-phase promoting factor, in-
chromosomes. The sequence components of yeast duces licensed origins to initiate (Blow and Nurse, 1990;
ARSs have been intensively studied and shown to con- Fang and Newport, 1991; Strausfeld et al., 1994, 1996;
sist of several conserved elements (reviewed by Rowley Chevalier et al., 1995; Jackson et al., 1995) and in doing
et al., 1994). A conserved 11 bp “A element,” containing so removes the licence. The sequential action of the
the “ARS consensus sequence,” is essential for ARS licensing and initiation signals ensures the precise dupli-
and origin function. A potential yeast initiator protein cation of chromosomal DNA (Chong et al., 1996). RLF
called the origin recognition complex (ORC) has been consists of two essential components, called RLF-M
identified by its ability to bind the A element in vitro (Bell and RLF-B (Chong et al., 1995). RLF-M has been purified
and Stillman, 1992). Genomic footprinting studies also to homogeneity and consists of a complex of MCM/P1
suggest that ORC binds ARS elements in vivo (Diffley (minichromosome maintenance) proteins (Chong et al.,
and Cocker, 1992). 1995; see also Kubota et al., 1995; Madine et al., 1995a).
Yeast ORC comprises six polypeptide subunits, RLF-M binds to chromatin early in the cell cycle and
Orc1–6, and all six genes have been cloned (Bell et al., licenses DNA for replication in the subsequent S phase;
1993; Foss et al., 1993; Li and Herskowitz, 1993; Micklem as DNA replication occurs, the RLF-M polypeptides are
then displaced from the DNA.et al., 1993; Bell et al., 1995; Loo et al., 1995). Analysis
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The identity of replication origins in the early Xenopus with the S. cerevisiae sequence is lower (20%). Most of
the identity occurs in the C-terminal half of the protein,embryo is currently unclear, since a wide range of DNA
templates replicate extrachromosomally in Xenopus where homology between other published ORC1 se-
quences is observed (Figure 1, light shading; Bell eteggs and egg extracts (Harland and Laskey, 1980;
Me´chali and Kearsey, 1984; Blow and Laskey, 1986; al., 1995). The XORC1 gene also contains the putative
purine nucleotide binding site common to other ORC1Newport, 1987; Blow and Sleeman, 1990). A two-dimen-
sional gel analysis shows initiation taking place at a genes, which is also present in CDC6 and cdc18 (Figure
1, heavy shading). However, there was also a significantlarge number of different sequences in the early embryo
(Mahbubani etal., 1992; Hyrien and Me´chali, 1992, 1993). amount of identity between human and Xenopus ORC1
sequences in the N-terminal 25% of the gene.Later in development when zygotic transcription starts,
initiation events begin to localize to specific regions of
DNA, as is more typical of metazoan somatic cells (Hy- Chromatin Association of XOrc1
rien et al., 1995). Despite the unusual specification of The XORC1 gene encoded a polypeptide with a pre-
its replication origins, Xenopus eggs contain an Orc2- dicted molecular mass of 100 kDa. Synthetic XORC1
related protein (XOrc2; Carpenter et al., 1996). Immuno- mRNA was translated in reticulocyte lysate containing
depletion of XOrc2 protein from egg extracts abolishes 35S-methionine, yielding a labeled polypeptide of about
replication of chromosomal DNA but not elongation of 115 kDa (Figure 2a). XORC1 was expressed in Esche-
a single-stranded plasmid template, suggesting that richia coli, and recombinant protein was used to pro-
XOrc2 is specifically involved in the initiation of replica- duce a rabbit polyclonal antibody. In Western blots, the
tion (Carpenter et al., 1996). anti-XOrc1 polyclonal serum recognized the in vitro–
In this study, we report the cloning of the Xenopus translated XOrc1 (Figure 2b, lanes 1 and 2) as well as a
ORC1 gene (XORC1) and the characterization of the single band of the same molecular mass in Xenopus
Xenopus origin recognition complex (XORC) in which it egg extract (Figure 2b, lane 4). The same band was
is found. Immunodepletion of XOrc1 protein from Xeno- highly enriched on chromatin isolated from Xenopus
pus egg extracts abolishes its ability to support the egg extracts (Figure 2b, lane 3). Quantitative Western
initiation of DNA replication. Fractionation of egg ex- blotting indicated that XOrc1 was present in Xenopus
tracts shows that XOrc1 copurifies with seven other egg extract at about 5 mg/ml (data not shown).
polypeptides, forming a complex apparently similar to Figure 3 details the ability of XOrc1 to associate with
yeast and Drosophila ORCs, which is capable of restor- chromatin. In Figure 3a, demembranated Xenopus
ing initiation activity to XOrc1-depleted extracts. Finally, sperm nuclei were briefly incubated with increasing
we show that XORC is required for the licensing of DNA, quantities of Xenopus egg extract, and chromatin was
while having an activity distinct from that of RLF itself. then isolated by centrifugation through sucrose. Chro-
matin was immunoblotted for XOrc1 (Figure 3a, lower
panel), and the blot was quantified (Figure 3a, upperResults
panel). As more extract was added to the chromatin, the
amount of chromatin-associated XOrc1 first increased.Xenopus Orc1
However, at about 7.5 ml of extract per mg of DNA,In the course of experiments designed to identify inter-
the chromatin became saturated with XOrc1. At thisactions between mammalian and viral proteins that
concentration (7.5 ml of extract per mg of DNA), virtuallymodulate apoptosis, a two-hybrid screen was used to
all the XOrc1 in the egg extract was bound to DNA (seeidentify human proteins physically interacting with the
Figure 1a, inset). Quantitative Western blotting of theherpes simplex virus gICP34.5 protein (Chou and Roiz-
experiment shown in Figure 3a suggests that at satura-man, 1994). A set of six independent clones was isolated
tion, there is approximately 10 ng of XOrc1 associatedand sequenced. One of these, clone 3-14, contained a
with each mg of DNA, equivalent to one XOrc1 molecule1.6 kb partial cDNA with an open reading frame capable
bound to every 16 kb of DNA on average. Previous stud-of coding for 440 amino acids. This clone showed signifi-
ies have estimated that the replicon size of the earlycant similarity to a gene family containing the S. cerevis-
Xenopus embryo is 10–20 kb (Blow and Watson, 1987;iae ORC1, CDC6, and SIR3 genes and the S. pombe
Mahbubani et al., 1992; Hyrien and Me´chali, 1993), sug-cdc18 gene. It is currently unclear whether the interac-
gesting that there may be one XOrc1 molecule boundtion between clone 3-14 and the gICP34.5 protein has
to each replication origin. The binding of endogenousany functional significance. The 1.6 kb fragment was
XOrc1 to chromatin throughout an in vitro cell cycle isthen used to probe at low stringency a Xenopus oocyte
shown in Figure 3b. XOrc1 bound very rapidly to chroma-cDNA library. A set of eight independent clones of the
tin, reaching maximum levels within 12.5 min after DNAsame cDNA was isolated, which on sequencing showed
was added to the extract. During S phase, the amountsignificant homology to the S. cerevisiae ORC1 gene.
of chromatin-bound Orc1 remained approximately con-Northern blot analysis showed that Xenopus eggs and
stant, although some decrease was seen at later times.oocytes contained a related RNA of 3.1 kb, as expected
from the size of the cDNA (data not shown). Subsequent
publication of the human ORC1 gene (Gavin et al., 1995) Involvement of XORC in DNA Replication
Xenopus egg extracts were immunodepleted of XOrc1has confirmed that the Xenopus gene, which we have
named XORC1, is a close homolog. The sequence of and associated polypeptides using the anti-XOrc1 poly-
clonal antibody. Western blotting showed that immuno-the XORC1 gene is shown in Figure 1. It is 50% identical
to its human counterpart, although overall homology depletion removed more than 95% of XOrc1 from the
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Figure 1. Amino Acid Sequence of the XOrc1
Protein
The deduced amino acid sequence of XOrc1
is shown alongside the human Orc1 protein.
Asterisk denotes identical and period de-
notes similar amino acids. The region of con-
servation with members of the CDC6/cdc18
family is shown in light shading; the putative
purine nucleotide binding site is indicated by
heavy shading.
extract (Figure 4d). Immunodepletion with anti-XOrc1
antibody also removed XOrc2 from the extract (Figure
4e), suggesting that XOrc1 is found in a multiprotein
complex similar to that found inyeast (see below). Immu-
nodepletion with the anti-XOrc1 antibody strongly inhib-
ited the ability of Xenopus egg extracts to support the
replication of added sperm nuclei (Figure 4a, lanes 1–3;
Figure 4b, lanes 7–9).However, XOrc1-depleted extracts
could still support complementary strand synthesis, li-
gation, and chromatin assembly of single-stranded M13
DNA (Figure 4b, lanes 10–12), suggesting that XOrc1 is
specifically required for initiation and not the elongation
stage of DNA replication. Consistent with this interpreta-
tion, denaturing alkali gel electrophoresis of the residual
DNA synthesized in XOrc1-depleted extract was not en-
riched for small nascent DNA strands (Figure 4c). When
sperm nuclei was incubated in Xenopus egg extract,
XOrc1 associated with chromatin (Figure 3). When thisFigure 2. Antiserum Against XOrc1 Recognizes a Single 115 kDa
Polypeptide in Xenopus Extracts chromatin was isolated and added back to XOrc1-
(a) Rabbit reticulocyte lysate containing 35S-methionine was incu- depleted extract, it was efficiently replicated (Figure 4a,
bated minus (lane 1) or plus (lane 2) XORC1 mRNA, electrophoresed lanes 4–6). This demonstrates that the chromatin-asso-
on a 7.5% polyacrylamide gel, and autoradiographed. ciated XOrc1 is fully functional.
(b) Protein samples Western-blotted with anti-XOrc1 polyclonal anti-
We next performed a chromatographic purification ofbody. Lane 1, reticulocyte lysate with no added mRNA. Lane 2,
the XORC. The purification scheme comprised fivereticulocyte lysate with added XORC1 mRNA. Lane 3, chromatin
steps: differential polyethylene glycol precipitation,prepared by incubating Xenopus sperm nuclei in Xenopus egg ex-
tract for 15 min. Lane 4, interphase Xenopus egg extract. phosphocellulose, ammonium sulphate precipitation,
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Figure 3. The Association of XOrc1 with Chromatin
(a) Demembranated Xenopus sperm nuclei were incubated with in-
creasing quantities of egg extract at 238C for 15 min. Chromatin
was isolated by centrifugation and immunoblotted with the anti-
XOrc1 antibody (lower panel); quantitation of the blots by gel scan-
ning and densitometry is shown in the upper panel (arbitrary units).
Figure 4. Effect of Immunodepletion of XOrc1 on DNA ReplicationInset, egg extract was incubated minus (lanes 2 and 4) or plus (lanes
(a–c) Xenopus egg extracts either untreated (lanes 1, 4, 7, 10, and1 and 3) sperm nuclei (7.5 ml of extract/mg of DNA), and samples
13), immunodepleted with the anti-XOrc1 antiserum (lanes 2, 5, 8,were separated by centrifugation into pellet (lanes 1 and 2) and
11, and 14), or mock-depleted with preimmune serum (lanes 3, 6,supernatant (lanes 3 and 4) fractions. Equivalent quantities were
9, 12, and 15), were supplemented with a32P-dATP and then incu-immunoblotted with the anti-XOrc1 antibody.
bated with various DNA templates. After incubation at 238C for 90(b) Demembranated Xenopus sperm nuclei were incubated in egg
min, the reaction products were electrophoresed on either 0.8%extract at 9 ng of DNA/ml of extract for various times. Chromatin
neutral agarose gels ([a] and [b]) or on a 1% alkaline agarose gelwas isolated and blotted with the anti-XOrc1 antibody (lower panel);
(c) and then autoradiographed. The migration of DNA size markersquantitation of the blots by gel scanning and densitometry is shown
in kb and form I and II double-stranded M13 is indicated. DNAin the upper panel (arbitrary units). The time course of DNA replica-
templates are: lanes 1–3, 7–9, and 13–15, Xenopus sperm nuclei;tion is also shown (open squares).
lanes 4–6, chromatin previously assembled in untreated interphase
extracts; and 10–12, single-stranded M13 DNA.
(d and e) Extract was immunodepleted with either preimmune serumMonoQ, and MonoS. Fractions were assayed for their
(lanes 16 and 18) or anti-XOrc1 serum (lanes 17 and 19). (d) Depletedability to restore replication to Xenopus egg extracts
extract immunoblotted with anti-XOrc1 serum. Molecular massimmunodepleted with the anti-XOrc1 polyclonal anti-
markers (kDa) are also shown. (e) Proteins immunoprecipitated from
body. The presence of XOrc1 was also monitored by the extract immunoblotted with anti-XOrc1 anti-XOrc2 sera.
immunoblotting, and it closely matched the activity pro-
file. Figure 5 shows details of the final (MonoS) step. A
single peak of activity was detected, eluting from the 50, 46, and 40 kDa all coeluted under the XORC activity
peak. An additional 100 kDa polypeptide also becamecolumn at about 220 mM KCl (Figure 5a, squares).
BrdUTP density substitution showed that the DNA syn- visible on silver-staining. The 115 kDa polypeptide cor-
responds to XOrc1, while the 63 kDa polypeptide isthesis restored to XOrc1-depleted extract by purified
XORC represented a single complete round of semicon- XOrc2 (Figure 5d; Carpenter et al., 1996). Apart from the
polypeptide at around 86 kDa (whose peak is slightlyservative replication (Figure 5f). The activity peak corre-
sponded to a single ultraviolet absorbance peak (Figure offset from the XOrc1 peak), the intensity of the bands
on Coomassie staining suggests that they are present5a, dashed line) and a single peak of XOrc1, as shown
by Western blotting (Figure 5c). Figure 5b shows a Coo- in approximately stoichiometric quantities, although the
50 kDa is relatively faint. Consistent with these polypep-massie-stained gel of polypeptides eluted across the
MonoS gradient, while Figure 5e shows a silver-stained tides forming a high molecular mass complex, gel filtra-
tion suggests a native molecular mass of approximatelygel of the peak fraction. A set of eight polypeptides with
approximate molecular masses of 168, 115, 86, 74, 63, 550 kDa for the XOrc1-containing complex (data not
Interaction between ORC and RLF
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Figure 6. The Ability of Extracts to Assemble XORC onto Chromatin
and License DNA Replication
Sperm nuclei were assembled into chromatin by incubating for 15
min in different types of Xenopus egg extract: “sperm nuclei,” no
incubation; “6-DMAP chromatin,” chromatin assembled in 6-DMAP–
treated extract; “interphase chromatin,” chromatin assembled in
untreated interphase extract; “mock-depleted chromatin,” chroma-
tin assembled in extract depleted with preimmune serum; “ORC2
chromatin,” chromatin assembled in extract immunodepleted with
anti-XOrc1 serum.
(a) Chromatin was isolated and immunoblotted with antisera against
XOrc1 (upper panel) or XMcm3 (lower panel).
(b) Chromatin was isolated and incubated with a32P-dATP for 90
min in 6-DMAP–treated extract to assess the extent of licensing.
(c) Chromatin was isolated and incubated with a32P-dATP for 90 min
in either untreated extract or extract immunodepleted with anti-
Figure 5. Behavior of XORC on the Final MonoS Column
XOrc1 antiserum.
(a) Profile of column elution. Dashed lines, ultraviolet absorbance.
Open squares, ability of fractions to restore DNA synthesis to XOrc1-
depleted extract (expressed as percent of total a32P-dATP incorpo- RLF-M, which consists of a complex of MCM/P1 pro-
rated into acid-insoluble material). A linear gradient from 0–500 mM teins, binds to chromatin early in the cell cycle and
KCl in LFB1 was developed from fractions 21–43. licenses DNA replication in the subsequent S phase
(b) Column fractions wereelectrophoresed on a 10% polyacrylamide
(Chong et al., 1995; Kubota et al., 1995; Madine et al.,gel and stained with Coomassie.
1995a). RLF is activated at the metaphase–anaphase(c and d) Column fractions were electrophoresed on 7.5% polyacryl-
transition, and this activation can be blocked by certainamide gels and immunoblotted with antisera against (c) XOrc1 or
(d) XOrc2. protein kinase inhibitors such as 6-dimethylaminopurine
(e) Silver-stained 10% polyacrylamide gel of peak active fraction. (6-DMAP; Blow, 1993; Kubota and Takisawa, 1993; Ves-
The Coomassie-staining bands that peaked together are indicated ely et al., 1994). Since both RLF and ORC appear to act
by asterisks. at replication origins, we investigated whether the two
(f) BrdUTP density substitution profile of DNA synthesis in XOrc1-
activities showed any functional interaction.depleted extract plus (triangles) or minus (squares) the peak XORC
Figure 6a examines the ability of different types offraction. The expected densities of unsubstituted (LL; 1.71 g/ml),
fully substituted (HH, 1.79 g/ml), and half-substituted (HL, 1.75 g/ Xenopus extract toassemble XOrc1 and XMcm3 (a com-
ml) double-stranded DNA are indicated. ponent of RLF-M) onto chromatin. Western blotting
showed that neither XOrc1 nor XMcm3 were present in
sperm nuclei (Figure 6a, “sperm nuclei”) but were rapidly
shown). This figure is close to the sum of the molecular assembled onto chromatin when incubated in inter-
masses of the polypeptides in the purified complex (556 phase egg extracts (Figure 6a, “interphase chromatin”).
kDa, excluding the 86 kDa polypeptide). In 6-DMAP–treated extracts, which were devoid of RLF
activity, XOrc1, but not XMcm3, was assembled onto
chromatin (Figure 6a, “6-DMAP chromatin”). However,Interaction between XORC and the Replication
Licensing System in extracts immunodepleted of XOrc1, neither XOrc1
nor XMcm3 were assembled onto chromatin (Figure 6a,The DNA replication licensing system ensures that chro-
mosomal DNA is replicated no more than once in each “ORC2 chromatin”). This suggests that the licensing of
DNA (and hence XMcm3 chromatin binding) is depen-cell cycle. RLF can be separated into two essential com-
ponents, called RLF-M and RLF-B (Chong et al., 1995). dent on the presence of XOrc1. Figure 6b shows that
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this conclusion is supported by functional analysis.
Chromatin assembled in interphase Xenopusextract be-
came licensed, as evidenced by its ability to replicate
in 6-DMAP–treated extracts devoid of RLF activity (Fig-
ure 6b, “interphase chromatin”). In contrast, chromatin
assembled inXOrc1-depleted extract didnot replicate in
6-DMAP–treated extract (Figure 6b, “ORC2 chromatin”).
Figure 6c shows that although licensing is dependent
on the presence of XOrc1, the converse is not true, and
functional XOrc1 can be assembled onto chromatin in
the absence of active RLF. Chromatin assembled in
6-DMAP–treated extract (devoid of RLF activity) con-
tains bound XOrc1 (Figure 6a, “6-DMAP chromatin”) and
will replicate efficiently in XOrc1-depleted extract (Fig-
ure 6c).
During chromatographic purification, XORC clearly
separates from RLF-B and RLF-M, the two components
of RLF (data not shown), suggesting that XORC is not
part of the licensing system itself. This result is con-
firmed in Figure 7, which demonstrates that XOrc1-
depleted extract is capable of licensing XORC–con-
taining chromatin and assembling XMcm3 onto it.
Chromatin was prepared by incubating Xenopus sperm
nuclei in either interphase Xenopus extract (to produce
interphase chromatin), 6-DMAP–treated extract (to pro-
duce 6-DMAP chromatin), or XOrc1-depleted extract
(to produce ORC2 chromatin). The chromatin was then
isolated and briefly incubated in either buffer, interphase
extract, or XOrc1-depleted extract (see schematic dia-
gram, Figure 7a). Demembranated Xenopus sperm nu- Figure 7. Sequential Assembly of XORC and RLF-M in Xenopus
clei were used as control. The different samples of chro- Extracts
matin wereeither Western-blotted to assessthe quantity (a) Xenopus sperm nuclei were assembled into chromatin in either
of bound XOrc1 or XMcm3 (Figure 7a) or incubated in 6-DMAP–treated extract (lanes 4–6), untreated interphase extract
(lanes 7–9), or XOrc1-depleted extract (lanes 10–12), or with no6-DMAP extract to assess whether the chromatin had
chromatin assembly (lanes 1–3). Cartoons represent different pro-been functionally licensed (Figure 7b). As expected,
teins assembled onto the DNA in these different treatments. Chro-chromatin assembled in 6-DMAP extract (“6-DMAP
matin was isolated and then incubated for 15 min in either bufferchromatin”) did not contain XMcm3 (Figure 7a, lane 4)
(“B”), XOrc1-depleted extract (“O”), or untreated interphase extract
and was not licensed for replication (Figure 7b, “6-DMAP (“I”). Western blots of chromatin-associated XOrc1 (upper panel) or
chromatin,” light shading), while chromatin assembled XMcm3 (lower panel) are shown.
in interphase extract (“interphase chromatin”) did con- (b) Chromatin from the above experiment was incubated for 90
min in 6-DMAP–treated extract containing a32P-dATP to assess thetain XMcm3 (Figure 7a, lane 7) and was licensed for
extent of licensing. To normalize for the efficiency of chromatinreplication (Figure 7b, “interphase chromatin,” light
recovery, DNA synthesis in the 6-DMAP extract is expressed asshading). Consistent with the data shown in Figure 6,
a percentage of the synthesis achieved by licensing in untreatedchromatin assembled in XOrc1-depleted extract (“ORC2
interphase extract.
chromatin”) contained neither XMcm3 nor XOrc1 (Figure
7a, lane 10) and was not licensed for replication (Figure
7b, “ORC2 chromatin,” light shading). However, when
is required for the initiation of DNA replication in Xeno-6-DMAP chromatin (which contains bound XOrc1; Fig-
pus egg extracts. We have purified an active form ofure 7a, lane 4) was incubated in XOrc1-depleted extract,
XORC that is capable of restoring replication compe-it was efficiently licensed for DNA replication (Figure
tence to XORC–depleted extracts. Analysis of XORC7b, “6-DMAP chromatin,” heavy shading) and acquired
function shows that it is required for the licensing ofXMcm3 (although to a somewhat reduced level; Figure
DNA replication while having an activity distinct from7a, lane 5). In contrast, even when reincubated in XOrc1-
that of RLF itself. These results allow us to bring togetherdepleted extract, chromatin that did not contain XOrc1
previously disparate data concerning the control of DNAneither bound XMcm3 (Figure 7a, lane 11) nor became
replication in S. cerevisiae and Xenopus.functionally licensed (Figure 7b, “ORC2 chromatin,”
heavy shading). This demonstrates a requirement for
the sequential assembly onto chromatin of first XOrc1
The Xenopus Origin Recognition Complexand then XMcm3.
Immunodepletion of XOrc1 prevents Xenopus egg ex-
tracts from replicating DNA. XOrc1 appears to be specif-Discussion
ically required for the initiation of DNA replication, since
immunodepleted extracts can still support efficientWe have cloned the Xenopus ORC1 gene (XORC1) and
used antibodies to recombinant XOrc1 to show that it complementary strand synthesis on single-stranded
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DNA. Similar results have recently been reported follow- consistent with the genomic footprinting of replication
origins in S. cerevisiae, which shows that ORC footprintsing immunodepletion of the XOrc2 polypeptide (Carpen-
ter et al., 1996). Furthermore, XOrc1-depleted extracts replication origins throughout S, G2, and early M phases
(Diffley and Cocker, 1992; Diffley et al., 1994; Cocker etshow no enrichment for short nascent DNA strands, as
would be expected if the elongation stage of replication al., 1996).
were inhibited.
We have fractionated Xenopus egg extracts for the
Interaction of XOrc1 with the Replicationability to rescue DNA replication in XOrc1-depleted ex-
Licensing Systemtracts. This has yielded a protein complex containing
RLF ensures that chromosomal DNA is replicated pre-eight polypeptides, which all copurify in a single peak
cisely once in each cell cycle (Blow and Laskey, 1988;on the final MonoS column. Coomassie staining of the
Chong et al., 1996). The activation of RLF that normallybands suggest that they are present in approximately
occurs at the metaphase–anaphase transition can bestoichiometric quantities, with the exception of a larger
blocked by certain protein kinase inhibitors such asband at approximately 86 kDa. Since its peak is also
6-DMAP (Blow, 1993; Kubota and Takisawa, 1993; Ves-slightly offset from all the other polypeptides, the 86
ely et al., 1994). Using this inhibition to provide an assaykDa may represent a fortuitously copurifying poly-
for a chromatographic separation of RLF components,peptide. The remaining polypeptides have molecular
RLF has been separated into two essential components,masses of approximately 168, 115, 74, 63, 50, 46, and
called RLF-M and RLF-B (Chong et al., 1995). RLF-M40 kDa, with the 115 kDa band corresponding to XOrc1
has been purified to homogeneity and shown to consistand the63 kDa bandcorresponding to XOrc2 (Carpenter
of a complex of MCM/P1 proteins (Chong et al., 1995).et al., 1996). Partially purified XORC has a native size
A role for MCM/P1 proteins in the licensing system hasof approximately 550 kDa on gel filtration, consistent
also been demonstrated using different assay systemswith the above polypeptide composition. S. cerevisiae
(Kubota et al., 1995; Madine et al., 1995a). RLF-M bindsORC contains polypeptides of 120, 72, 62, 56, 53, and
to chromatin early in the cell cycle and licenses DNA50 kDa (Bell and Stillman, 1992; Bell et al., 1993), while
for replication in the subsequent S phase; as DNA repli-D. melanogaster ORC contains polypeptides of 115, 82,
cation occurs, the RLF-M polypeptides are then dis-79, 47, 42, and 30 kDa (Gossen et al., 1995). Apart from
placed from the DNA (Chong et al., 1995; Kubota et al.,the 168 and 86 kDa bands, the molecular masses of the
1995; Madine et al., 1995a, 1995b).Xenopus ORC components are therefore in reasonable
In this study, we have shown functional interactionagreement with those found in Drosophila. However,
between XORC and the replication licensing system.peptide sequencing of the unidentified polypeptides is
Association of XOrc1 with chromatin is required beforerequired to confirm their identity.
XMcm3 can be assembled onto it and functionally li-
cense the DNA. The association of XOrc1 with chroma-
tin, however, does not require active RLF. XORC is notChromatin Association of XOrc1
Within 5 min after addition of demembranated Xenopus itself a component of licensing factor, since it remains
associated with chromatin throughout S phase and frac-sperm nuclei to Xenopus egg extract, the chromatin
decondenses as a consequence of the removal of sperm tionates away from RLF-B and RLF-M. Further, although
XOrc1-depleted extracts cannot by themselves licensebasic proteins (Philpott et al., 1991; Laskey et al., 1993).
Western blotting shows that within 12.5 min, XOrc1 as- DNA, they contain active RLF-M and RLF-B and are
capable of licensing chromatin that already has XORCsociates with the decondensed chromatin under these
conditions. The chromatin saturates with XOrc1 when assembled on it. These results suggest that chromatin-
bound XORC may act as a site onto which the RLF-Mthere is on average one XOrc1 molecule bound to every
16 kb of DNA. This correlates with the estimated replicon complex can be assembled.
This conclusion is consistent with genetic informationsize of 10–20 kb in the early Xenopus embryo (Blow
and Watson, 1987; Mahbubani et al., 1992; Hyrien and about the MCM/P1 and ORC genes in S. cerevisiae.
MCM/P1 genes were originally identified in S. cerevisiaeMe´chali, 1993). Since initiation can take place on a very
large number of DNA sequences in Xenopus eggs and in a screen for mutants deficient in episome mainte-
nance owing to a failure of initiation at specific ARSsegg extracts (Hyrien and Me´chali, 1992, 1993; Mahbu-
bani et al., 1992), the selective binding of XOrc1 to DNA (Maine et al., 1984; Maiti and Sinha, 1992; Yan et al.,
1993). Certain ARS elements are more sensitive thanis unlikely to be determined by primary DNA sequence
alone but may also be influenced by chromatin structure. others to MCM mutations, suggesting a direct interac-
tion between Mcm proteins and replication originsThe binding of XOrc1 to chromatin persists through-
out the cell cycle in vitro. Unlike the MCM/P1 proteins, (Sinha et al., 1986; Gibson et al., 1990; Yan et al., 1991;
Chen et al., 1992). Further, S. cerevisiaeORC2 and ORC5which are removed from DNA as it replicates (Chong et
al., 1995; Kubota et al., 1995; Madine et al., 1995a, have been shown to interact genetically with CDC46
(MCM5), CDC47 (MCM7), and CDC54 (MCM4; Loo et1995b), XOrc1 remains chromatin-bound throughout S
phase. Some decrease in chromatin-associated XOrc1 al., 1995). Genomic footprinting of S. cerevisiae ARSs
shows that a distinct complex, termed the prereplicativeis seen at later times, but it is currently unclear whether
this represents cell-cycle regulation or an artifact of the complex, is present from late mitosis to the end of G1
(Diffley et al., 1994; Cocker et al., 1996). This periodcell-free system. Immunofluorescence studies have also
shown that XOrc2 remains associated with chromatin corresponds closely to the period during which DNA is
licensed in the Xenopus cell cycle (Blow, 1993; Chongin late S phase (Carpenter et al., 1996). These results are
Cell
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Moffatt, 1986). Recombinant XOrc1 was solubilized in 6 M guani-et al., 1995), suggesting that the prereplicative footprint
dine–HCl, 0.5 M NaCl, 20 mM Tris–Cl, 5 mM imidazole (IMAC5) andmay directly correspond to the chromatin being in the
bound in batch to nickel agarose (Qiagen). The media was washedlicensed state.
in IMAC20 (as IMAC5 but contains 20 mM imidazole), then twice in
We would like to understand the events occurring phosphate-buffered saline (PBS), and the protein was eluted in 10
at replication origins in more detail. The saturation of mM EDTA, 2% SDS. Eluted material was dialyzed against 0.1% SDS,
20 mM Tris–Cl (pH 8.0), mixed in a 1:1 ratio with Freunds adjuvant,chromatin by relatively low concentrations of XORC sug-
and injected into New Zealand white rabbits in 4 3 100 mg doses.gests that further unidentified chromatin-associated
Immune and preimmune sera were used for Western blots and im-proteins are needed in order to specify correct XORC
munodepletion. Anti-XMcm3 antibody was produced by H. Mahbu-binding. Since chromatin assembled in Xenopus extract
bani from constructs as described(Madine et al., 1995a). Anti-XOrc2
contains significantly more RLF-M than XORC (our un- antibody was a gift of P. Carpenter and W. Dunphy.
published data), we expect that multiple RLF-M com-
plexes are normally loaded onto each replication origin. Immunoblotting
SDS–polyacrylamide gel electrophoresis and electrophoretic trans-It will be of considerable interest to understand in detail
fer were performed according to standard protocols (Harlow andthe nature of this reaction.
Lane, 1988). Immunoblots were blocked for at least 1 hr at room
temperature in 5% instant nonfat milk in PBS containing 0.02%
Experimental Procedures Tween 20 (PBS-T) and then washed in PBS-T. Both anti-XOrc1 sera
and anti-XMcm3 sera were used at a dilution of 1:2000 in block
Two-Hybrid Screen solution. Blots were incubated in primary antibody for at least 1 hr
The two-hybrid screen was performed using the Clontech Match- at room temperature, washed in PBS-T, and then incubated for
makerTM system according to the instructions of the manufacturer. 1 hr in horseradish peroxidase–conjugated secondary antibody
The herpes simplex virus gene gICP34.5 (Dolan et al., 1992) was (1:100,000) diluted in PBS-T. Blots were rinsed and developed with
cloned into the pGBT9 vector. The human B cell cDNA library in the enhanced chemiluminescence (Amersham).
lACT vector (Durfee et al., 1993) was obtained from S. Elledge.
Positive clones were subcloned into pBluescript and sequenced by Extract Preparation and Use
standard methods. Metaphase-arrested and interphase Xenopus egg extracts were
prepared and frozen as described (Blow, 1993). On thawing, all
extracts were supplemented with 25 mM phosphocreatine, 5 mg/Isolation of the XORC1 Clone
ml of creatine phosphokinase, and 250 mg/ml of cycloheximide.The 1.6 kb partial cDNA of human ORC1 was used to screen a l-ZAP
6-DMAP–treated extracts were prepared as described (Blow, 1993):Xenopus ovary cDNA library (provided by Eva Dworkin, University
metaphase-arrested extracts were supplemented with 3 mMBiocentre) according to standard procedures (Sambrook et al.,
6-DMAP (Sigma), mixed, and then supplemented with 0.3 mM CaCl2.1989). In brief, after plaque lifts, filters were incubated in hybridiza-
For replication assays, extracts were supplemented with 1 mCi oftion solution (5 3 SSC, 5 3 Denhardt’s solution, 0.1% SDS, 2 mM
a-32P-dATP and incubated for 3 hr at 238C. Licensing factor assays,sodium pyrophosphate, 100 mg/ml of denatured salmon sperm DNA)
involving the measurement of DNA synthesis in 6-DMAP–treatedfor 2 hr at 658C. The human ORC1 cDNA was labeled with 32P-
extracts, were performed as described (Chong et al., 1995). TCAdATP using random nonamers (Amersham) and then added to the
precipitation and BrdUTP density substitution were performed ashybridization solution. Incubation of the filters continued for a further
described (Blow and Laskey, 1986).18 hr at 658C. The filters were washed three times at low stringency
(2 3 SSC, 0.1% SDS, 378C). Plaques (200,000) were screened and
Immunodepletion of Xenopus Egg Extracteight positive clones were detected by autoradiography and iso-
Anti-XOrc1 sera or preimmune (control) sera was adjusted to 100lated. Plasmid DNA was obtained from each cloneby in vivo excision
mM HEPES–KOH (pH 8.0) and then incubated with preswollen pro-according to the protocol of the manufacturer (Stratagene). Restric-
tein A–Sepharose beads in a ratio of 2:1 for 30 min at 238C. Thetion analysis of the eight positive clones revealed them all to be
beads were washed in LFB1 (40 mM HEPES–KOH, 20 mM K2HPO4/derived from the same cDNA sequence. The largest of these plas-
KH2PO4, 2 mM MgCl2, 1 mM EGTA, 2 mM dithiothreitol, 10% sucrose,mids contained a 3.2 kb insert, which was subcloned into M13mp18,
1 mg/ml of leupeptin, pepstatin, and aprotinin, 0.5 mM phenylmethyl-using a shotgun approach (Messing, 1983), and sequenced on both
sulfonyl fluoride [pH 8.0]; Chong et al., 1995). Interphase Xenopusstrands with Sequenase Version 2.0 (United States Biochemical).
egg extract was supplemented with cycloheximide to a final concen-Contig assembly was performed using Sequencher version 2.1.1
tration of 250 mg/ml and then added to protein A beads to a final(Gene Codes). The presence of an in-frame opal termination codon
ratio of 60% beads to extract. The mixture was gently rotated forupstream of the putative start methionine indicated that we had
40 min at 48C, and the supernatant was recovered and then mixedobtained the complete open reading frame for XORC1.
with a fresh aliquot of beads and incubated for a further 40 min. The
final supernatant (“XOrc1-depleted extract”) was used for chromatin
In Vitro Transcription and Translation of XORC1 assembly and in vitro replication assays.
Full-length XORC1 cDNA was inserted into the EcoRI–SmaI site
in pGEM-3Z (Promega) and linearized with XbaI, and an in vitro Chromatin Isolation
transcription reaction was carried out according to the instructions Chromatin was isolated as described (Blow, 1993; Chong et al.,
of the manufacturer. In the translation reaction, 80 ml of rabbit reticu- 1995). Briefly, demembranated Xenopus sperm nuclei (30ng of DNA/
locyte lysate (Promega) was supplemented with 1 mM amino acid
ml of extract) was incubated in 40–100 ml of egg extract (containing
mixture (minus methionine; Promega), 100 mM KCl, 500 mM MgCl2, creatine phosphokinase, phosphocreatine, and cycloheximide) at
10 mM creatine phosphate, 75 mCi of 35S-methionine (Amersham), 238C either for 12 min (6-DMAP chromatin) or 20 min (all other
and approximately 1 mg of mRNA to a final volume of 100 ml. The chromatin samples). Samples were then resuspended in 1 ml of NIB
reaction was incubated for 2 hr at 308C. Translation products were (50 mM KCl, 50 mM HEPES–KOH, 5 mM MgCl2, 2 mM b-mercapto-separated by SDS–polyacrylamide gel electrophoresis and analyzed ethanol, 0.5 mM spermine 4HCl, 0.15 mM spermidine 3HCl, 1 mg/
by autoradiography and Western blotting. ml each of leupeptin, pepstatin, and aprotinin [pH 7.6]), underlayered
with a 100 ml cushion of NIB containing 15% sucrose, and centri-
fuged at 6000 3 g in a swing-out rotor. Pelleted chromatin wasProtein Expression and Antibody Production
Full-length XORC1 (amino acids 1–886) was inserted into the NdeI– resuspended in NIB to a final concentration of 80 ng of DNA/ml.
Chromatin samples for analysis by SDS–polyacrylamide gel electro-XhoI site in the vector pET16B (Novagen), which contains an
N-terminal 10 histidine tag. Insoluble tagged protein was isolated phoresis were isolated in NIB supplemented with 0.1% NP40 and
resuspended in 2 3 SDS sample buffer.from inclusion bodies according to standard protocols (Studier and
Interaction between ORC and RLF
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Neutral and Alkaline Agarose Gel Electrophoresis Blow, J.J., and Watson, J.V. (1987). Nuclei act as independent and
integrated units of replication in a Xenopus cell-free system. EMBOSamples were prepared for analysis on neutral or alkali gels by first
digesting in Stop N (20 mM Tris–Cl, 200 mM NaCl, 5 mM EDTA, J. 6, 1997–2002.
0.5% SDS [pH 8.0]) containing 2 mg/ml of RNase A for 10 min at Blow, J.J., and Laskey, R.A. (1988). A role for the nuclear envelope
378C followed by an additional 200 mg/ml of proteinase K for a in controlling DNA replication within the cell cycle. Nature 332,
further 30 min. DNA was then extracted sequentially with phenol, 546–548.
phenol-chloroform, and chloroform and then precipitated with etha-
Blow, J.J., and Nurse, P. (1990). A cdc2-like protein is involved in
nol. Samples for analysis on neutral agarose gels were resuspended
the initiation of DNA replication in Xenopus egg extracts. Cell 62,
in TE (pH 8.0) and run on a standard TBE agarose gel (Sambrook
855–862.
et al., 1989). Samples for alkaline agarose gels were resuspended
Blow, J.J., and Sleeman, A.M. (1990). Replication of purified DNAin 1 3 alkali gel loading buffer (50 mM NaOH, 1 mM EDTA, 1.25%
in Xenopus egg extracts is dependent on nuclear assembly. J. CellFicoll, 0.0125% bromocresol green). Alkaline gels were prepared by
Sci. 95, 383–391.adding the required amount of agarose to 50 mM NaCl, 1 mM EDTA.
Carpenter, P.B., Mueller, P.R., and Dunphy, W.G. (1996). Role for aOnce set, the gels were allowed to equilibrate for 1 hr in alkaline
Xenopus orc2-related protein in controlling DNA replication. Naturegel running buffer (30 mM NaOH, 1 mM EDTA) and then run at
379, 357–360.2 V/cm. Once electrophoresis was completed, the gels were fixed
in 7% TCA prior to drying and autoradiography. Chen, Y., Hennessy, K.M., Botstein, D., and Tye, B.K. (1992). CDC46/
MCM5, a yeast protein whose subcellular localization is cell cycle–
Purification of XORC regulated, is involved in DNA replication at autonomously replicating
Activated Xenopus egg extracts were prepared as described (Blow, sequences. Proc. Natl. Acad. Sci. USA 89, 10459–10463.
1993; Chong et al., 1995) up to the spin–crush step, after which they Chevalier, S., Tassan, J.-P., Cox, R., Philippe, M.,and Ford, C. (1995).
were diluted with 4 additional vol of LFB1 plus 50 mM KCl. They Both cdc2 and cdk2 promote S-phase initiation in Xenopus egg
were then centrifuged at 50,000 3 g for 20 min at 48C in a swing- extracts. J. Cell Sci. 108, 1831–1841.
out rotor. The supernatant was drop-frozen in liquid nitrogen and
Chong, J.P.J., Mahbubani, M.H., Khoo, C.-Y., and Blow, J.J. (1995).stored at 2708C. After thawing, extract was supplemented with
Purification of an Mcm-containing complex as a component of the4.25% w/v polyethylene glycol 6000 (British Drug Houses), incu-
DNA replication licensing system. Nature 375, 418–421.bated on ice for 30 min, and centrifuged at 12,000 3 g for 10 min
Chong, J.P.J., Tho¨mmes, P., and Blow, J.J. (1996). The role of MCM/in a fixed-angle rotor. The pellet was resuspended in LFB1 plus 150
P1 proteins in the licensing of DNA replication. Trends Biochem.mM KCl and adsorbed in batch for 15 min at 48C onto freshly pre-
Sci. 21, 102–106.pared precycled phosphocellulose (Whatman) equilibrated in LFB1
plus 150 mM KCl. After packing into a column, activity was eluted Chou, J., and Roizman, B. (1994). Herpes simplex virus 1
by step in LFB1 plus 500 mM KCl. The phosphocellulose eluate was gamma(1)34.5 gene function, which blocks the host response to
then supplemented with saturated ammonium sulphate in 50 mM infection, maps in the homologous domain of the genes expressed
Tris–Cl (pH 8.0) to a final concentration of 40% and incubated on during growth arrest and DNA damage. Proc. Natl. Acad. Sci. USA
ice for 40 min. Precipitated material was pelleted by centrifugation 91, 5247–5251.
(12,000 3 g for 10 min in a fixed-angle rotor). The pellet was resus- Cocker, J.H., Piatti, S., Santocanale, C., Nasmyth, K., and Diffley,
pended in LFB1 and applied to a 1 ml MonoQ column (Pharmacia) J.F.X. (1996). An essential role for the cdc6 protein in forming the
equilibrated in LFB1 and eluted over a 20 ml gradient from LFB1 to prereplicative complexes of budding yeast. Nature 379, 180–182.
LFB1 plus 500 mM KCl. Active fractions were pooled, diluted 1:1
Diffley, J.F., and Cocker, J.H. (1992). Protein–DNA interactions at awith LFB1, and applied to a 1 ml MonoS column (Pharmacia) equili-
yeast replication origin. Nature 357, 169–172.brated in LFB1 and eluted over a 20 ml gradient from LFB1 to LFB1
Diffley, J.F., Cocker, J.H., Dowell, S.J., and Rowley, A. (1994). Twoplus 500 mM KCl. Fractions were collected, precipitated with 15%
steps in the assembly of complexes at yeast replication origins inpolyethylene glycol, and resuspended in LFB1 at a 6-fold concentra-
vivo. Cell 78, 303–316.tion for assays and immunoblotting.
Dolan, A., McKie, E., MacLean, A.R., and McGeoch, D.J. (1992).
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